The outer solar system may provide a potential habitat for extraterrestrial life. Remote sensing data from the Galileo spacecraft suggest that the jovian icy moons, Europa, Ganymede, and possibly Callisto, may harbor liquid water oceans underneath their icy crusts. Although compositional information required for the discussion of habitability is limited because of significantly restricted observation data, organic molecules are ubiquitous in the universe.
moons could provide good constraints on the origin and early evolution of extraterrestrial life.
INTRODUCTION
The outer solar system may provide a potential habitat for extraterrestrial life. Most moons that orbit giant planets are covered with water ice and are referred to as icy moons. In addition, the detection of induced magnetic fields (Khurana et al., 1998; Kivelson et al., 2002; Khurana et al., 2008) combined with surface characteristics imaged by remote sensing for jovian icy moons by the Galileo spacecraft (Pappalardo et al., 1999) support the idea that the jovian icy moons Europa, Ganymede, and possibly Callisto may harbor liquid water oceans and possess deep habitats underneath the icy crusts. Such habitats may in some ways be similar to a terrestrial deep-sea biosphere.
However, compositional information required for the discussion of habitability is highly limited because of significantly restricted observational data. The icy crust is composed primarily of water contaminated with some non-water materials. Although some salts (e.g., hydrates of the magnesium and sodium sulfate, as well as magnesium and sodium carbonate) have been identified around tectonic features (McCord et al., 2010) , further chemical environmental information remains unclear.
On the other hand, biological components are ubiquitous in the universe. Recently, glycine (Gly), the simplest amino acid, was confirmed to be present on comet 81P/Wild 2 from samples returned by NASA's Stardust spacecraft (Elsila et al., 2009) . This first detection of extraterrestrial Gly suggests that amino acids can be formed by abiotic processes in the universe. In addition, production of amino acids has been experimentally confirmed in an environment of interstellar dusts and comets (Kasamatsu et al., 1997; Bernstein et al., 2002; Munos et al., 2012; Meinert et al., 2012) .
During cometary impact, a non-negligible amount of certain amino acids in a comet would survive and be retained on an icy moon's surface (Pierazzo and Chyba, 2002) . In fact, primitive carbonaceous meteorites with higher total concentrations of amino acids that reach 300 ppm (Burton et al., 2012) and 2,400 ppm (Pizzarello and Shock, 2010) were found. Moreover, amino acids can be produced through a process of shock synthesis from cometary material impacting the icy surface (Martins et al., 2013) . If Europa's seafloor has hydrothermal systems (Vance et al., 2007) , they could be candidate sites that supply amino acids to the surface through tectonic deformation of the ice crust. Furthermore, synthetic schemes for the production of amino acids in Europa's subsurface ocean have been proposed (Abbas and Schulze-Makuch, 2008) . Crustal cracking could erupt salty water including amino acids from the subsurface ocean to the surface, and subsequent refreezing of the salty water could concentrate these amino acids.
In addition to amino acids, several other biochemicals have been found in extraterrestrial objects. Carbonaceous chondrites contain a variety of purines and pyrimidines, including adenine, guanine, and uracil, with total concentrations up to 500 ppb (Callahan et al., 2011; Burton et al., 2012) . And longchain monocarboxylic acids with amphiphilic properties have been extracted from the Murchison meteorite (Deamer, 1985; Sephton, 2002) . Their formation could have occurred by the reaction of HCN and NH3 concentrated on the parent asteroid through eutectic freezing (Miyakawa et al., 2002) or irradiation of interstellar ice with UV light (Dworkin et al., 2001) . Although the detection of ribose and deoxyribose in meteorites and comets has not been reported, these compounds can be readily formed from formaldehyde through the formose reaction (Benner et al., 2012) . Formaldehyde is a simple C1 compound (HCHO) that has been observed ubiquitously in interstellar clouds and comets (Ehrenfreund et al., 2002) .
These organic compounds are essential building blocks of life, but subsequent evolution toward functional biopolymers remains very unclear, especially under the conditions present on icy moons. Generally, life has been characterized by the following three functions: metabolism, replication, and compartmentalization (Nakashima et al., 2001; Ruiz-Mirazo et al., 2004 
Consequently, the formations of biopolymers in liquid water is thermodynamically unfavorable. For Gly dimerization to glycylglycine (GlyGly) in water at 25 C and neutral pH, the required Gibbs energy is 14.84 kJ mol −1 and the equilibrium constant is 2.51×10 −3 (Kitadai, 2014) , which indicates that less than 0.01% of Gly is converted into GlyGly unless the initial Gly concentration is extremely high (e.g., higher than 100 mM). The Gibbs energy decreases at higher temperatures (Shock, 1992; Kitadai, 2014) . Thus, some researchers have argued that polymerization of amino acids, which is a necessary process for chemical evolution of life, occurred in submarine hydrothermal systems on primitive Earth (e.g., Imai et al. (1999) ; Lemke et al. (2009) ).
Such reactions proceed more readily at alkaline pH (Sakata et al., 2010; Kitadai, 2014) . The occurrence of high temperatures and alkaline solutions has been observed in serpentine-hosted hydrothermal systems (Kelley et al., 2001 (Kelley et al., , 2005 Suda et al., 2014) . Similar hydrothermal systems may prevail at the seafloor of icy moons (Vance et al., 2007) . However, high temperatures also favor decomposition of organic compounds (e.g., Larralde et al. (1995) ; Levy and Miller (1998) ). The temperature dependences of decomposition rates of amino acids are generally greater than those of polymerization (e.g., the activation energies of dimerization and decarboxylation of Gly are 88 kJ mol −1 (Sakata et al., 2010) and 138.4 kJ mol −1 (Li and Brill, 2003) , respectively). Consequently, it is unclear whether hydrothermal systems could sustain abiotic formation of biopolymers.
In this study, we investigate polymerization of amino acids in the solid ice crust of icy moons, in particular, the Jovian icy moon Europa as a typical example, by using thermodynamic data and the revised Helgeson-KirkhamFlowers equations of state parameters for several amino acids and their polymers updated recently on the basis of experimental thermodynamic data (Kitadai, 2014) . We also calculate the Gibbs energy of formation of a nucleoside (adenosine) from adenine and ribose at low temperatures. In addition,
we estimate the thermal profiles within the solid icy crust by numerically solving a heat transfer equation with observed surface temperature and the melting point of water as upper and lower boundary conditions. We evaluate the possibility of polymerization of amino acids in the surficial environment of the icy moons by examining the calculated Gibbs energies as a function of thermal structure within the crust. Although it is uncertain whether this formation of short oligomers would be enough for subsequent processes of selforganization to proceed, this type of thermodynamic analysis in icy world, which has never been previously investigated, is important for evaluating extraterrestrial abiotic synthesis.
After reviewing the environmental conditions of Europa, we describe our method for calculating the Gibbs energy of polymerization of amino acids and the thermal structure within the solid ice crust in Section 3. In Section 4, we present our main results including the calculated Gibbs energies and temperature profiles within the ice crust of Europa, and evaluate the possibilities for polymerization of amino acids in Europa's surficial environment. The possibilities for the polymerization of amino acids for other major icy moons are also discussed in Section 4. Section 5 discusses potential concentration of cometary delivered amino acids on Europa and further implications for other icy moons and asteroids. Our conclusions are summarized in Section 6.
ENVIRONMENT OF EUROPA
Europa is one of the most important candidates for hosting an extraterrestrial habitat as it may harbor a global water ocean beneath the solid icy crust.
This possibility has been suggested from the detection of induced magnetic fields (Kivelson et al., 2000) combined with interpretations of imaged surface characteristics (Pappalardo et al., 1999) by remote sensing from the Galileo spacecraft and thermal equilibrium modeling (e.g., Hussmann et al., 2002) .
The measurement of gravity coefficients and moment of inertia factor of Europa can constrain the interior density distribution in terms of simple twoand three-layer models (Anderson et al., 1998) . A two-layered interior model consists of an outer water shell and uniform silicate/metal mixed core; a three-layered model is composed of an Fe or Fe−FeS core at the center, a rock mantle surrounding the metallic core, and an outermost water shell. The thickness of the outer water shell must be approximately 80 to 170 km in both models. However, the gravity data cannot distinguish the physical state (i.e., liquid or solid) of the water shell.
Europa's atmosphere is primarily composed of molecular oxygen (Hall et al., 1995) . However, it is quite tenuous, that is, 0.1 − 1 µPa (McGrath et al., 2009) .
Most icy moons have very thin atmospheres, too, with the exception of Sat-urn's moon Titan. Therefore, most icy moon's surfaces are exposed to sunlight and frequently impacted by small objects and energetic particles trapped within the planetary magnetic field. The surface temperature of Europa • is approximately 80 K (−193 C) and 120 K (-153 C) in the equatorial and polar regions, respectively (Spencer et al., 1999 ). Europa's cold icy surface is very smooth. There are few impact craters because its surface is tectonically active and young. Based on estimates of the frequency of cometary bombardment that Europa is likely to endure, the surface is approximately 20 − 200 million years old (Bierhaus et al., 2009) . The surface is, however, covered by many tectonic features. The most striking features on Europa's surface are a series of dark lineaments and bands that crisscross the moon, which may have been produced by cracking due to tidal deformation (Greenberg et al., 1998) and icy volcanism (Figueredo et al., 2004) . Another major feature of Europa is the chaos terrain, which is a locally disrupted region demonstrating a jumbled and rough texture. It has been suggested that chaos terrains are located atop lakes of liquid water within the crust (Schmidt et al., 2011) . Non-water materials, particularly, hydrates of salts, are concentrated in the cracked and disrupted terrain, which have been found through the infrared mapping spectrometer onboard the Galileo spacecraft (McCord et al., 2010) . This indicates that the origin of these salts is strongly related to geologic processes.
METHODS

Thermodynamic calculations of reactions of amino acids and nucleosides
Standard molal Gibbs energy of a given aqueous species and a crystalline compound are expressed in this study as the apparent standard molal Gibbs
, which is defined by (Helgeson et al., 1981) :
where ∆ G 
for aqueous species (Shock, 1992; Dick et al., 2006; Kitadai, 2014) , and
for crystalline compounds (Helgeson et al., 1998; LaRowe and Helgeson, 2006; LaRowe and Dick, 2012) . In Eq. 5 and 6, , refers to the standard molal entropy at 298.15 K; 0.1 MPa, a1, a2, a3, a4, c1 , and c2 denote temperature-and pressure-independent parameters, and ω denotes the solvation parameters of the species of interest. Θ and Ψ respectively represent solvent parameters equal to 228 K and 260 MPa (Shock, 1992) . In addition, ϵ denotes the dielectric constant of H2O, and , is the partial derivative of the reciprocal dielectric constant of H2O ( / ) at 298.15 K and 0.1 MPa. The value of , is set to −5.80 × 10
for all reactions (Shock et al., 1992) . In
Eq. 6, Vº is the standard molal volume at the temperature and pressure of interest, and a, b, and c are temperature-independent coefficients. In this study, values of Vº are equal to those of the standard molal volumes at the reference temperature and pressure of 298.15 K and 0.1 MPa, , , for all crystalline compounds LaRowe and Dick, 2012) . The data and parameters required to calculate the Δ as a function of temperature and pressure are presented in Table 1 and 2 for aqueous species and crystalline compounds, respectively.
The values of ∆Gº for liquid H2O (Helgeson and Kirkham, 1974) and those for H2O ice (Ih) (Feistel and Wagner, 2006) at the temperature and pressure of interest were obtained. Note that the reference state adopted in this study differs from the corresponding state used by Feistel and Wagner (2006) for H2O ice (Ih), where entropy and internal energy of liquid H2O at the triple point, T = 273.16 K and P = 611.655 Pa, were set to zero. Consequently, the ∆Gº of H2O (in both liquid and ice (Ih)) at the triple point is 0.0110 J mol -1 .
Therefore, the values of ∆Gº given by Feistel and Wagner (2006) were used after adding the difference between the ∆Gº of liquid H2O at the triple point reported by Helgeson and Kirkham (1974) and that of H2O ice (Ih) reported by Feistel and Wagner (2006) .
The standard state convention used for liquid H2O is one of unit activity of pure water at any temperature and pressure, whereas that for aqueous species other than H2O corresponds to the unit activity of the species in a hypothetical 1 molal solution referenced to infinite dilution at any temperature and pressure.
The standard Gibbs energies of any reaction (∆rG o ) were calculated from the following equation:
In equation (7), ∆G o i denotes the standard molal Gibbs energy of formation of the i-th species at any temperature and pressure and νi,r denotes the stoichiometric reaction coefficient of the i-th species in the reaction, which is negative for reactants and positive for products.
Calculation of thermal structure of ice crust
To evaluate the reactions of amino acids at the surficial regions of icy moons, we estimated the thermal structure in the ice crust. The general equation for heat transfer is given as follows:
• ,
where  is the density, Cp is the specific heat, and F is the heat flux. Equations for heat transfer, which is controlled by conduction and convection, for the solid crust are given by:
where T is the adiabatic temperature gradient and kc is the thermal conductivity, and kv is the effective thermal conductivity including the effect of thermal convection, which is given by the following.
(12)
Here, l is the characteristic length, g is gravitational acceleration, a is the thermal expansion coefficient, and n is the local kinematic viscosity. We consider the characteristic length l as the distance from the nearest boundary of the layer. The time marching scheme is the fourth-order Runge-Kutta method. This method was described in detail by Kimura et al., (2009) . Surface temperature is fixed at 100 K (similar to an equatorial diurnal and seasonal mean value of 106 K ), and the temperature at the bottom of the crust is set to the melting point of H2O according to the crustal thickness and corresponding hydrostatic pressure. Neither tidal heating nor other heat sources are considered.
We assumed that the solid crust is composed of pure water ice and that the temperature-dependent Newtonian viscosity is as follows:
The activation parameter A is usually taken to be between 18 and 36, which corresponds to activation energy between approximately 40 and 80 kJ mol
. In this study, we used A = 25 (Goldsby and Kohlstedt, 2001 Table 3 .
RESULTS
The standard Gibbs energies of reaction (∆rG o ) for the amino acids (i.e., Gly, The Gibbs energies for the above reactions at the same temperature have a positive pressure dependency (Fig.2) . For the higher-pressure condition, 10 8 Pa ( Fig.1 lower panel, and Fig.2 ), the Gibbs energies will be slightly larger, and the temperature at which the Gibbs energy becomes negative will be lower, which means that it would be difficult for the reaction to proceed in a deeper region of the ice crust because the deeper region generally has a higher temperature. For example, the energy for polymerization of 2Gly will be negative below −171 C (102 K), which means that it would be difficult for the reaction to proceed in a deeper region of the ice crust because the deeper region generally has a higher temperature (see below). Although the temperature on Europa's surface is extremely low and consequently the above reactions would be expected to proceed, the absence of atmosphere means that the surface is exposed to solar UV and local plasma in the Jovian magnetosphere, which causes decomposition. The average penetration depth for magnetospheric electrons and protons for Europa has been estimated to be 0.6 and 0.01 mm, respectively (Paranicas et al., 2009) . Therefore, amino acids and their oligomers can be protected from the radiolytic decomposition even if only slightly inside the ice crust. In parallel, the energy required for the creation of a nucleoside (adenosine) from adenine and ribose is less than that required for amino acids (Fig.3) .
The Gibbs energy becomes negative below −26 C (249 K) for 1 Pa, and −131 C (142 K) for 10 8 Pa.
As mentioned previously, the surface temperature is a few tens of K lower at the polar region than at the equatorial region. Consequently, the 2Gly and Gly+GlyGly reactions can occur even in deeper regions of the crust. In addition, the Gly + Ala reaction can occur in the polar region, although it cannot occur on the equatorial surface. On the other hand, the higher Gibbs energy value for Gly + Leu suggests that the reaction cannot occur even in Europa's polar region. The different polymerization tendencies would bias the sequence of peptides that could be formed on the surficial region of Europa.
If Europa's icy crust is actually convecting, it is possible that polymerized amino acids and nucleosides could be transported from surficial to deep regions of the ice crust. Analysis of surface images acquired by the Galileo spacecraft suggests that there are candidate sites for subduction zones on Europa (Kattenhorn and Prockter, 2014) . Several band features could have progressively removed all old cratered terrains, and surface ice and other materials could be transported into the interior. This means that surface materials can potentially be delivered to deeper regions where they would be protected from UV irradiation and all the various charged particles from Jupiter's highly radiative environment. In a deeper subsurface region, including the subcrustal water ocean, the Gibbs energies become positive, which means that the dissociation reactions (hydrolysis) will be dominant and that amino acid polymerization and nucleoside reactions are unfavorable in the deeper subsurface region. However, the kinetic inputs for hydrolysis may fall off because catalysts such as salts or cosmic ray irradiation to produce radi-cals, etc., are relatively scarce in the deeper region, which means that subsurface hydrolysis is certainly not catalytically the same as surface catalysis, and thus a mechanism for transporting surface synthesized polymers into the icy moon can be produced. In the subsurface ocean, it seems likely that, if a polymer like GlyGly absorbs onto a potentially chiral mineral or icy surface, this would decrease the solution activity of the product and drive the condensation reaction forward even under less thermodynamically favorable conditions.
The possibility of glycine polymerization on icy moons would be helpful to understand the importance of biogenic elements and prebiotic organics on Europa and whether the icy moons can have an extraterrestrial habitat or not.
DISCUSSIONS
Our calculations show that low temperature conditions, such as those that occur at the surface environment of Europa, are thermodynamically favorable for dehydration-polymerization of organic monomers. Does it follow that these reactions are kinetically possible in such an extreme environment? Unfortunately, sufficient kinetic parameters as a function of temperature are not available in the literature for these reactions; consequently, it is not possible to predict reactions rates at temperature conditions lower than 0 C.
For Gly polymerization in the solid state, many laboratory experiments have been performed with a variety of catalysts including minerals (e.g., silica (Lambert, 2008) , salts (e.g., SrCl2 (Kitadai et al., 2011) ), and metal cations (e.g., Cu 2+ (Rode, 1999) ). Interestingly, the polymerization rate of Gly does not show simple temperature dependence (i.e., slower reaction rate at lower temperature) in heterogeneous systems. For instance, Bujdak et al. (1996) conducted a heating experiment of solid Gly with montmorillonite at 70, 80, and 95 C. After heating for 14-days, they observed that 1.13 % of the initial Gly polymerized to GlyGly at 70 C, whereas only 0.44 and 0.59 % converted to GlyGly at 80 and 95 C, respectively. If favorable conditions are met, polymerization of amino acids in principle can occur even at temperatures lower than 0 C. Kaiser et al. (2013) observed formation of GlyGly and LeuAla at temperatures as low as 10 K under simulated interstellar ice conditions. Also, note that MgSO4, a major salt identified around tectonic features of Europa's icy surface (McCord et al., 2010) , has been demonstrated to accelerate Gly polymerization significantly (Kitadai et al., 2011) . Based on these reported experimental results, it is possible that the kinetic and thermodynamic construction of biopolymers is feasible in Europa's surface environment.
Moreover, exogenously delivered amino acids should be considered. First, what quantity of amino acids could be delivered exogenically onto the moon?
It has been estimated that 90% or more of the craters on the Galilean satellites are due to impact by Jupiter-family comets, with Trojan asteroids and long period comets being the second and third major impactor types (Zahnle et al., 1998) . The average impact velocity of these comets on Europa is calculated to be around 26 km s -1 , with 10% of the objects striking Europa at velocities below 16 km s -1 (Zahnle et al., 1998) . In such impact incidents on Europa, the surviving fractions of amino acids have been estimated to be 0-5.26% and 0.45-16.94% for the average and lower impact velocities, respectively. Although the abundance of amino acids in comets is not known, it has been suggested that comets contain about 10 times the amount of organics in carbonaceous chondrites (Delsemme 1991; Alexander et al., 2007) . Carbonaceous chondrites show considerable concentration variations of amino acids ranging from 0.2 ppm (CB chondrite; Burton et al., 2013) to 2,400 ppm (CR2 chondrite; Pizzarello and Shock, 2010) . CR2s are the most primitive, least altered chondrites (Cody and Alexander, 2005; Alexander et al., 2010) , and generally have higher concentration of amino acids than chondrites that experienced more severe aqueous or thermal alteration in meteorite parent bodies (Burton et al., 2012) . Organic matter in carbonaceous chondrites and comets has been inferred to be formed from a common precursor material that formed in the outer solar system and/or in the interstellar medium (Alexander et al., 2007; Herd et al., 2011) . Therefore, amino acid concentration in comets could be as high as 24,000 ppm. Based on these estimates, together with the current impactor mass flux at Europa of 5.5 × 10 4 kg yr -1 (Pierazzo and Chyba, 2002) , the amount of amino acids delivered on the Europa's surface is calculated to be the order of 1 × 10 2 kg yr -1 . If the input of amino acids continues for 50 Myr (a typical surface age based on the size distribution analysis of impact craters by Bierhaus et al., (2009) ), the overall delivery of cometary amino acids is 5 × 10 9 kg. If this input is distributed evenly on Europa's surface, and is mixed homogenously with a depth of 1 meter of the ice shell (an average gardening depth of 10 Myr-old (Carlson et al., (2009) ), the resultant surface concentration of amino acids is around 0.1 ppm. In contrast, localized impact events associated with re-freezing of surface ice could afford higher local concentration of amino acids. For instance, a 0.9-km diameter comet of density 800 kg m -3 (3.1 × 10 11 kg) forms a 20 km-size crater (Pierazzo and Chiba, 2002) . Concentration of delivered amino acids could reach the order of 1,000 ppm if the amino acids are retained within the crater region. Future in-situ measurements with advanced analytical setups are expected to provide an exact amount of amino acids on Europa's surface.
In addition, Europa's thermodynamically favorable environment for dehydration-condensation of organic monomers is also likely for other icy moons. The surface temperature of moons without an atmosphere generally decreases with increasing distance from the Sun. On Enceladus, a Saturnian icy moon, the observed surface temperature is 32.9 K at the north pole and 145 K at the south pole, where water vapor, icy particles, and organic compounds are sprayed into space, and 75 K as a disk-integrated value (Spencer et al., 2006) . Triton, the largest Neptunian moon, has a surface temperature of 38 K (McKinnon et al., 2007) . These colder environments are more favorable for dehydration-condensation than Europa's surface; thus, condensation reactions can occur in the deeper region of the ice crust. Furthermore, the condensation of Gly+Leu, which can not take place thermodynamically in Europa's environment, can proceed in Triton's.
Titan is a unique icy moon with a thick nitrogen-dominated atmosphere. The surface of Titan is covered primarily by water ice, and the ground temperature and pressure have been measured as 93.7 K and 1.47 bars, respectively, by the Huygens probe (Fulchignoni et al., 2005) . General circulation model results suggest that seasonal and latitudinal variation of air temperatures near the surface is small. This variation is estimated to be less than 1 K at low latitudes and up to 4 K at the poles, with a maximum temperature of 94 K during the southern summer solstice. In addition, a minimum temperature of 90 K is estimated during the polar winter (Tokano and Neubauer, 2002) .
Therefore, according to our results, the reactions of 2Gly and Gly+GlyGly can take place, similar to Europa. In addition, nucleotide bases and amino acids have been found experimentally in a simulated Titan atmosphere (Hörst et al., 2012) . Titan's surface temperature and pressure are close to the triple point of methane (90.7 K) and ethane (90.4 K); thus, these materials can coexist in solid, liquid, and vapor phases. The presence of liquid lakes of hydrocarbons on the surface has been confirmed (Stofan et al., 2007) , and some lakes can possibly dry up by subsurface hydraulic flow or evaporation (Hayes et al., 2008) . In addition, new lakes that have appeared after a large outburst of clouds have also been detected (Turtle et al., 2009) , which suggests that some of the lakes are transient and appear to be related to atmospheric global circulation of methane, which is considered analogous to Earth's water cycle, although at a much lower temperature. Such repetitive flooding and drying processes could have provided a driving force for increments in concentration and cyclic replication of prebiotic precursor molecules, which is similar to Earth's early tidal cycle (Lathe, 2004) .
It should be noted that the reactions discussed above are not limited to an icy environment and can also take place on a rocky surface if the temperature is sufficiently low so that the Gibbs energy becomes negative. For example, organic material in primitive chondritic meteorites is generally highly dehydrated despite the fact that the petrology of meteorites retain a record of aqueous alteration in the meteorite parent bodies (e.g., Pizzarello et al. (2006) ). The origin, mechanism of alteration, and timing of the organic matter has been a long-standing problem in astrochemistry, whereas studies for these topics are extensive (e.g., Quirico et al. (2014) ). It has been estimated that the main belt asteroid Vesta has an annual mean surface temperature range of 176-188 K (Titus et al., 2012) . The interior temperature of small asteroids (and meteorites) is expected to be much lower and possibly fits into the polymerization-allowing temperature window as shown in this study.
Our calculation therefore opens the possibility that organic matter in meteorites has been subjected to continuous dehydration after parent body processings over 4.5 billion years.
SUMMARY
In this study, we calculated the energetics of polymerization of amino acids and the production of a nucleoside (adenosine) in the environments of Europa and other icy moons. Our major finding are as follows:
• In a low temperature environment, the Gibbs energies of these reactions can become negative. For example, for 2Gly→GlyGly+H2O, reactions can proceed spontaneously at temperatures below 118 K (−155 C). The pressure dependencies of the reactions of amino acids are relatively small.
• The surface temperature on Europa is approximately 80 K (−193 C) around the pole and approximately 120 K (−153 C) at the equatorial regions. From the temperature profiles in the ice crust, it is expected that the Gibbs energy will be negative only in the shallow region (i.e., at a depth of only a few kilometers), whereas the temperature in deeper regions is not favorable for polymerization.
• Europa and other icy moons have colder surfaces and therefore have the potential to facilitate such reactions. Table 2 Standard molal thermodynamic data (25 C and 1 bar) and Cp o power function coefficients for crystalline compounds.
Table 3
Physical properties of water ice Ih. Cox et al., (1989) (see Kitadai (2014) ), # Diaz et al. (1992) , 
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